Understanding the genomic basis of local adaptation is crucial to determine the potential of long-33 lived woody species to withstand changes in their natural environment. In the past, efforts to 34 dissect the genomic architecture in gymnosperms species have been limited due to the absence of 35 reference genomes. Recently, the genomes of some commercially important conifers, such as 36 loblolly pine, have become available, allowing whole-genome studies of these species. In this 37 study, we test for associations between 87k SNPs, obtained from whole-genome re-sequencing of 38 loblolly pine individuals, and 270 environmental variables and combinations of them. We 39 determine the geographic location of significant alleles and identify their genomic location using 40 our newly constructed ultra-dense 26k SNP linkage map. We found that water availability is the 41 
neutral Fst values (Whitlock & Lotterhos, 2015) . Due to a wide distribution of Fst values in 78 neutral markers, only advantageous alleles with high frequencies can be detected under the Fst 79 outlier approach (Pritchard et al., 2010 ). This problem is exacerbated by the lack of power of 80 individual tests when correcting for multiple comparisons over thousands of loci. As a result, 81 weakly selected loci, characteristic of polygenic adaptation, will unlikely to be detected (Le 82 Corre & Kremer ,2012; Yeaman, 2015; Whitlock & Lotterhos, 2015) . In contrast, genotype by 83 environment association (GEA) studies are more likely to detect signals associated with smaller 84 allele frequency shifts (Hancock et al., 2010; Forester et al., 2018) . 85 86 Lately, increasing numbers of genome-wide markers have enabled the study of the genomic 87 architecture of local adaptation in natural populations. The geographic and genomic distribution 88 of adaptive alleles can give us insights into the evolutionary forces that had shaped adaptation in 89 a species. For example, alleles associated with day length in natural populations of Arabidopsis 90 thaliana showed narrow geographic distribution in which one allele had rapidly driven to high 91 frequency in the population as a result of a hard-selective sweep, whereas SNPs associated with 92 relative humidity had widespread distributions (Hancock et al., 2011) . Also, the clustering of 93 adaptive alleles in genomic regions of low recombination due to linkage or divergence 94 hitchhiking can give us insights into the maintenance of population differentiation and local 95 adaptation in the face of gene flow (Via, 2012; Yeaman, 2013) . 96
97
In the past, efforts to dissect the genomic architecture of local adaptation in gymnosperms species 98 have been limited due to the absence of reference genomes. Recently, the genomes of some 99 commercially important conifers have become available, allowing whole-genome studies of these 100 species (De La Torre et al., 2014a; Neale et al., 2017) . Current assemblies of reference genomes 101 are still quite fragmented and do not allow the location of genes in the genomes unless high-density 102 linkage maps are available. Loblolly pine (Pinus taeda) is a widely distributed species in the 103 southeastern United States, characterized by its outcrossing mating system, large population sizes, 104 weak population structure and rapid decay of linkage disequilibrium (Eckert et al., 2010b) . 105
Phylogeographic studies of unglaciated North America suggested loblolly pine follows the 106
Mississippi River discontinuity, which is consistent with a dual Pleistocene refugial model, and 107 has been used to explain differences in growth, disease resistance, drought tolerance and genetic 108 differentiation between eastern and western populations (Soltis et al., 2006; Eckert et al., 2010a, 109 2010b; Teskey et al., 1987; Schmidtling, 2001) . In this study, we aimed to dissect the genomic 110 architecture of climate adaptation in loblolly pine. We tested for associations between 270 111 environmental variables and 87k SNPs obtained from widely distributed coding and non-coding 112 regions across the 22-Gb genome of the species. We then determined the geographic and genomic 113 location of significant alleles using our newly constructed, ultra-dense, 26k SNP linkage map. In 114 addition to identify the main climatic variables driving the adaptation of the species, we were also 115 interested in the following questions: a) Are adaptive alleles globally occurring alleles with varying 116 frequencies or localized ones? b) Do adaptive alleles have narrow or widespread genomic 117 distributions? c) Does local adaptation occur by large or subtle shifts in allele frequencies?. 118
119

MATERIAL AND METHODS 120 121
Sample collection and SNP genotyping 122 R package (Lipka et al., 2012) . To reduce the chance of identifying false positive associations as a 169 result of population structure, we conducted the association analysis with only those SNPs having 170 a minor allele frequency (maf) higher than 10% and used principal components of genetic data as 171 co-variants. Manhattan plots were built using the SNP locations in our newly constructed ultra-172 dense linkage map for loblolly pine with the R package qqman (Turner et al., 2014) . A subset of 173 environmental traits showing significant associations with at least ten SNPs, were used to test 174 associations between effect size (proportion of the variance explained) and minor allele frequency. 175 SNP functional annotations were obtained from the annotated genome of loblolly pine v2.01 in 176
TreeGenes (https://treegenesdb.org/Drupal). For the SNPs matching transcripts, we aligned them 177 against the non-redundant protein sequences database using BLASTX 2.8.0 (evalue <1e-10) 178 (Zheng et al., 2000) . 179
180
Latent Factor Mixed Models (LFMM) analysis 181
In addition, we used a Bayesian bootstrap approach implemented in LFMM command line version 182 1.5 (Frichot et al., 2013) . LFMM accounts for random effects due to population structure and 183 spatial autocorrelation with the use of latent factors (k) (Frichot et al., 2013) . Each run was repeated 184 five times with random seeds using the following parameters: k=3, 10,000 iterations, 5,000 burning 185 length. Correction for multiple testing was done by adjusting p-values with the genomic inflation 186 factor (l= median(Z-score 2 )/0.456) after combining z-scores obtained from multiple runs with the 187 LEA R package (Frichot & Francois, 2015 In addition to the univariate GEA analysis implemented in LFMM and Gapit, we also tested for 200 the multivariate response of groups of genes associated with the environment, using the 201 environmental co-association network analysis as described in Lotterhos et al. 2018 . SNPs showing 202 univariate associations in the GEA Gapit analysis were used to construct a network analysis using 203 a hierarchical clustering of the associations between SNP allele frequencies and environmental 204 variables using the reshape2 and gplots R packages in RStudio (RStudio Team, 2016) . 205
206
Construction of individual pedigree linkage maps 207
Qtl and base pedigrees' pseudo-testcrosses were used as R/qtl (Broman et al., 2003) 
RESULTS
239
Population structure and genetic diversity levels 240
Results of the PCA analysis with 87k SNPs implemented in the Adegenet and Gapit R packages 241 suggest the presence of three major genetic clusters (east, center, west) that extend longitudinally 242 across the species' natural range ( Figure 1A , Supporting Information Figure S1 ). When using the 243 posterior inference of clusters based on variational Bayesian framework implemented in 244 fastStructure, we found two major clusters when K varies from 2 to 4. When K=5, there is a third 245 smaller cluster (Supporting Information Figure S2) Figure 1E ). Average nucleotide diversity for all 258 populations, based on SNP data, was 0.296, average Fst values (one population vs all others) was 259 0.029, and average pairwise Fst among all pairs of populations was 0.027 (Table 1) . 260
261
Fst outlier analysis 262
We screened out all SNP loci having low heterozygosity due to their confounding effects on Figure S4 ). In the first module, six SNPs (AX-172791235, 298 AX-173011888, AX-172909447, AX-173250534, AX-173348038, and AX-173361850) showed 299 strong associations with a large number of temperature-related environmental variables 300 (Supporting Information Table S2 ). These SNPs were also found to be associated with PC1 in both 301
the Gapit and LFMM analysis. Interestingly, even though we were not able to map any of these 302 with Climate Moisture Deficit that co-located at linkage groups 2 and 9; Supporting Information 377 Table S2 ). In contrast, when evaluating SNPs associated with principal components, we found that 378 larger numbers of co-located SNPs were found to be associated with the same or different groups 379 of environmental variables (PCs) as it was observed in linkage groups 2 (10 SNPs at 190.9 cM), 5 380 (15 SNPs at 48.76 cM), and 10 (30 SNPs at 19.28 cM). SNPs in LG10 genomic cluster were also 381 included among the top 20% most significant SNPs in the dataset (Figure 4) . 382 383 Finally, the evaluation of SNPs showing high population differentiation suggested that many of 384 the SNPs were located in groups with low recombination (co-located or within close proximity) 385 (Supporting Information Table S5 ). Interestingly, even though many of these SNPs were not found 386 to be associated with any principal component or individual climatic variables, they were located 387 in some of same genomic clusters with SNPs showing associations (Supporting Information Table  388 S5). In the case of SNPs located in the same environmental co-association groups, we found that 389
SNPs located in the aridity module seem to be located in the same scaffold of the species, whereas 390 the SNPs within the humidity module were located in different linkage groups (Supporting 391
Information Figure S4 it is expected that these would be common in these geographic locations but rare in others. On 531 the contrary, if natural selection removes alleles that are deleterious in one location but neutral in 532 others, we would expect to find high-frequency alleles across the species' range (Fournier-Level 533 et al., 2011). Localized or private alleles with narrow geographic distribution in which one allele 534 has rapidly driven to high frequency in the population may be a result of a hard-selective sweep, 535
as it is being observed in natural populations of Arabidopsis thaliana (Hancock et al., 2011) . 536
Alternate alleles might be favored in different environments leading to antagonistic pleiotropy 537 that can result in local adaptation and the maintenance of genetic polymorphisms by natural 538 selection. In a different scenario (conditional neutrality), alleles may be under positive selection 539 in one environment but neutral in others (Anderson et al., 2013) . 540 541 Our study found that putatively adaptive alleles in loblolly pine were widely distributed across 542 the species' natural range rather than localized ones. In fact, the presence of private alleles (only 543 present in one population) was not observed in any of the SNPs showing associations with 544 climate variables. Globally occurring alleles had varying frequencies in which the frequency of 545 the minor allele increased from east to west in SNPs associated with Climatic Moisture Deficit 546 during winter (CMD_wt), February (CMD02) and March (CMD03), and with Annual Heat 547
Moisture Index (AHM); whereas SNPs associated with Precipitation as snow in January 548 (PAS01), Degree-days above 18 °C during winter, and Number of frost free days during autumn 549 and spring, showed an increase in the frequency of the minor allele from west to east. In 550
Arabidopsis thaliana populations, SNPs associated with relative humidity also had widespread 551 distributions (Hancock et al., 2011) . With the absence of fitness measurements, we cannot tell if 552 loblolly pine individuals carrying these alleles are fitter in one environment or the other. 553
However, the fact that the direction of the increase of the minor allele is coincident with 554 increasing levels of the associated climatic variable suggests that these individuals may be locally 555 adapted in that environment. adaptive genes was found in response to recent selection and high gene flow among populations 574 (Hornoy et al., 2015) . 575
576
In our study, we found a large number of SNPs with small to moderate effect sizes associated 577 with climatic variables or combinations of them. In most of these SNPs, we found subtle to 578 moderate shifts in allele frequencies across different environments, in which in many cases the 579 increase in the frequency of the minor allele mirrored an increase of the climate variable along 580 longitudinal gradients. These SNPs were largely captured by our GEA study, which, in contrast 581
to Fst outlier tests has been suggested to detect signals associated with smaller allele frequency 582 shifts (Hancock et al., 2010) . Coincidently, our Fst outlier test failed to detect the signal of 583 selection in these weakly selected loci involved in local adaptation of loblolly pine. In polygenic 584 traits, most loci involved in local adaptation will experience weak selection, therefore they will 585 not be substantially more differentiated than expected of neutral loci (Whitlock & Lotterhos, LG 5. Considering the low mutation rates in conifers (De La Torre et al., 2017), it is likely that 600 many of these changes in allele frequencies might have been facilitated by the great levels of 601 standing genetic variation rather than by de novo mutations in loblolly pine. Simulations studies 602 have suggested that good levels of standing genetic variation are required when local adaptation 603 occurs by alleles of small effect (Yeaman, 2015) . In addition, the long generation times in 604 conifers and relatively recent migration from refugia of the species, might have contributed to the 605 genetic architecture we see today, in which most beneficial alleles are still segregating in the 606 populations and have not reached fixation. We therefore conclude that local adaptation to climate 607 in loblolly pine might have occurred by many changes in the allele frequency of alleles with 608 moderate to small effect sizes, and by the smaller contribution of large effect alleles in genes 609 related to moisture deficit, temperature and precipitation. (Fig.1A) . Manhattan plots show pairwise Fst distributions between west and 930 center populations (Fig. 1B) , west and east populations (Fig.1C) , and center and east populations 931 (Fig. 1D) . 2 are shown ( Fig.2A) . Climate variables full names are shown in Supporting Information Table  949 S1. Figure 2B shows the genomic location of SNPs associated with Principal components of 950 climate variables .  951  952  953  954  955  956  957  958  959  960  961  962  963  964  965  966 
